Introduction
============

Serotonin (5-hydroxytryptamine, 5-HT) has been known to play an important role in the modulation of pain at the spinal level through bulbospinal descending projections from the rostroventral medulla \[[@B1]\]. However, the exact role of 5-HT receptor subtypes, including the most recently identified 5-HT receptor 7 (5-HT7R), in both central and peripheral nociceptive processing remains to be elucidated, despite the extensive research available \[[@B2],[@B3],[@B4],[@B5],[@B6]\].

Much evidence has supported the finding that spinal 5-HT7R mediates the inhibitory descending modulation of the nociceptive processing in the spinal cord and the analgesic effect of several drugs including tramadol, morphine or cannabinoids \[[@B7],[@B8],[@B9]\]. However, it has been noted that the receptor subtypes in the spinal cord on which the 5-HT acts could be involved in determining the role of the descending serotonergic modulation in nociceptive processing at the spinal level \[[@B2],[@B10],[@B11]\]. A recent behavioral study demonstrated that the activation of the spinal 5-HT7R with a 5-HT7R agonist had no significant effect on the inflammatory pain induced by an intraplantar injection of carrageenan \[[@B4]\]. In a neuropathic pain model, the expression of the 5-HT7R in the spinal cord was reduced in the animals with neuropathic pain, and the spinal 5-HT7R was assumed to have an excitatory function in nociception \[[@B5]\]. Accordingly, the magnitude of the 5-HT7R expression in the carrageenan model could be lower or equivalent to that of naive animals.

The lack of a significant role has been also reported for another 5-HTR subtype in the carrageenan model. In the case of the 5-HT3 receptor (5-HT3R), a typical 5-HTR subtype for facilitatory modulation, previous studies have shown that the spinal 5-HT3R is actively involved in the inflammatory pain induced by formalin, but that it does not play a significant role in the carrageenan model \[[@B12]\]. As opposed to the carrageenan model, the activation of the 5HT7R was shown to attenuate the pain behavior in the formalin test, suggesting a different role of the 5-HT7R in the two inflammatory pain models \[[@B4]\]. In line with the differential roles of the 5-HT3R and 5-HT7R in the formalin and carrageenan models, lesioning of the serotonergic pathway using a serotonergic neurotoxin (5,7-dihydroxytryptamine, 5,7-DHT) significantly reduced the pain behavior in the formalin test \[[@B13],[@B14]\], but increased the intensity of the mechanical allodynia in the carrageenan model \[[@B4]\]. Interestingly, the reduction of mechanical allodynia with 5,7-DHT pretreatment was also reported in the spinal cord injury model, which goes against the reaction observed in the carrageenan model \[[@B15]\]. In the formalin test, the involvement of the descending serotonergic system in regulating the activation of the extracellular signalregulated kinase (ERK) was demonstrated by showing that the activation of the ERK was reduced by lesioning the spinal serotonergic pathway \[[@B14]\]. Activation of the ERK was also found in the carrageenan rat model \[[@B16]\]. However, the role of the descending serotonergic system in the activation of the ERK has not been examined in the carrageenan model, despite the clear distinction between the two inflammatory pain models regarding the role of the 5-HTR subtypes and the effect of serotonergic pathway lesioning at the spinal level.

This study was designed to test our hypothesis that the 5-HT7R expression of the spinal cord is not different - or even lower - in the carrageenan model, resulting in no antinociceptive effect from 5-HT7R activation, and that the lesioning of the serotonergic pathway with 5,7-DHT increases the activation of the spinal ERK, which might be related to the enhanced allodynic response in the carrageenan model.

Materials and Methods
=====================

Male Sprague-Dawley rats weighing 225-250 g were used. All the animals were housed in a room with a constant temperature of 22-23℃ and an alternating 12 h light/dark cycle. Water and food were allowed with no limitation. All the experiments were performed according to the International Association for the Study of Pain Guidelines for the Use of Animals in Research.

To induce the inflammatory pain, the animals were injected subcutaneously with 100 µl of 2% carrageenan (degraded λ-Carrageenan, Wako Pure Chemical Industries, Osaka, Japan) at the center of their hind paw using a 30 gauge needle. The carrageenan was dissolved in saline to form a 2% solution and was stored at room temperature for 24 hours prior to use.

Two different sets of rats were used for this experiment. One set of animals was injected with carrageenan and the spinal cord was extruded for the measurement of the 5-HT7 receptor in the spinal cord, which was performed 1 and 2 hours after the carrageenan injection. The difference in the expression of the 5-HT7R in the spinal cord was examined between naive (no carrageenan) and carrageenan-injected animals.

The other set of rats was used to examine the changes in p-ERK in the carrageenan model. The animals were administered with 5,7-dihydroxytryptamine creatinine sulphate salt (5,7-DHT, Sigma Aldrich) through an intrathecal (i.t.) catheter for lesioning of the spinal serotonergic pathway. The neurotoxin 5,7-DHT is known to ablate the serotonergic nerve fiber in the spinal cord and to deplete the 5-HT of the spinal cord \[[@B15]\]. Following a previous study \[[@B17]\], a polyethylene-5 (PE-5) catheter connected to an external PE-10 catheter was inserted into the intrathecal space through the atlanto-occipital membrane under general anesthesia. The 5,7-DHT was injected immediately after the insertion of the catheter into the intrathecal space of the lumbar enlargement, and the catheter remained in place for 20 minutes before its removal and skin closure. Desipramine (30 mg/kg, Sigma Aldrich) was injected intraperitoneally 45 min before the i.t. injection of 5,7-DHT to prevent the nonspecific uptake of 5,7-DHT by the noradrenergic nerve fibers. The desipramine was dissolved in saline, and the 5,7-DHT was dissolved in saline containing 0.1% ascorbic acid. Three days after the 5,7-DHT injection, the motor function was assessed by testing the righting and placing-stepping reflexes. The pinna reflex and corneal reflex were also examined to evaluate the sensory deficit. I.t. administration of 5,7-DHT (60 µg/20 µl) or vehicle (control) was performed 3 days before the intraplantar injection of the carrageenan. The animals were injected with carrageenan and the spinal cord was extruded 30 and 60 minutes after the carrageenan injection to measure the changes in the p-ERK. The changes in the expression of the p-ERK were evaluated in the animals, which had been assigned to one of 3 different treatment groups: naive, vehicle, or 5,7-DHT.

The spinal cord samples obtained as described above were dissected, and the ipsilateral dorsal spinal cord at L4-L6 was extracted, immediately frozen in dry ice, and stored at -70℃. After homogenization, centrifugation and determination of the protein concentration of supernatant, equal amounts of protein (30 µg) for each sample were loaded and electrophoretically separated, before being transferred to a polyvinylidene difluoride membrane. The primary antibody was a rabbit polyclonal antibody specific to the phospho-ERK (p-ERK, 1 : 1,000, Millipore, Billerica, MA, USA), total-ERK (t-ERK, 1 : 1,000, Millipore, USA), or 5-HT7R (1 : 1,000, Novus Biologicals, Littleton, CO, USA). The secondary antibody was a goat anti-rabbit IgG HRP-coupled secondary antibody (1 : 2,000, Cell Signaling Technology, Danvers, MA, USA). β-actin was used for the loading control. The immunoreactivity was detected using ECL Western blotting detection reagents (Santa Cruz Biotechnology, Dallas, TX, USA) and then visualized with a LAS-3000 (Life-science, Fujifilm Global, Tokyo, Japan). The data shown was normalized to the values of the naive rat in each blot.

A statistical analysis of the differences among the treatment groups was performed with a t-test or a one-way ANOVA followed by a Bonferroni correction. A value of P \< 0.05 was considered statistically significant. The data are presented as means ± standard deviation of mean.

Results
=======

In Western blotting of the spinal cord, no significant differences were observed between the 5-HT7R expressions before, 1 hour and 2 hours after the intraplantar injection of the carrageenan ([Fig. 1](#F1){ref-type="fig"}).

Intraplantar injection of the carrageenan into the hind paws of the animals elicited a clear threefold increase in the p-ERK at 30 min, compared to naive rat levels. However, it returned to the level of the naive rat at 60 min. In contrast, the animals treated with 5,7-DHT showed a significant increase in the p-ERK at 30 min, and it remained elevated at 60 min. The total-ERK expression over β-actin was not different among the naive and vehicle or 5,7-DHT-injected rats ([Fig. 2](#F2){ref-type="fig"}).

Discussion
==========

This study demonstrated that the expression of the 5-HT7R is not altered in the carrageenan model, which explains at least in part the lack of antinociceptive effect from a 5-HT7R agonist in the carrageenan model, as observed in a previous report \[[@B4]\].

Contradictory to the inhibitory role of the 5-HT7R, a facilitatory effect was also reported in a neuropathic pain model of spinal nerve ligation in which the 5-HT7R expression in the spinal cord was decreased and the blockade of the 5-HT7R with SB269970 reduced the allodynia and hyperalgesia \[[@B5]\]. Combining this with our results, the overall expression of the 5-HT7R in the spinal cord could be regarded as one of the factors determining the effect of the 5-HT7R activation in the pain models. However, the location and cell type in which the 5-HT receptor is activated may also play an important role in directing the modulation towards inhibition or facilitation \[[@B18]\]. The expression of the 5-HT7R in the spinal cord is mainly found in the superficial lamina of the dorsal horn, specifically in the primary afferent fibers and interneurons of the naive rats \[[@B19]\]. Recent investigation of the antihyperalgesic effect of 5-HT7R activation found that the 5-HT7R is expressed in the GABAergic interneuron of the spinal cord \[[@B18]\]. This finding suggested that the activation of the 5-HT7R on the GABAergic interneurons could potentiate the inhibitory function of the interneuron in spinal nociceptive processing, thereby mediating the antihyperalgesic effect of a 5-HT7R agonist. Accordingly, further investigation on the location and cell type in which the 5-HT7R is mainly activated is warranted to elucidate the underlying mechanisms of the various roles of the spinal 5-HT7R in nociception.

ERK is a member of the mitogen-activated protein kinases family, which transduces a range of extracellular stimuli into intracellular responses \[[@B20]\]. It has also been recognized as a critical player in the development of neural plasticity and pain hypersensitivity \[[@B21]\]. Activation of the ERK in the spinal dorsal horn has been evidenced following nerve injury and peripheral inflammation with formalin, carrageenan, capsaicin or complete Freund\'s adjuvant \[[@B14],[@B16],[@B22],[@B23],[@B24],[@B25]\]. In the spinal cord, ERK activation was short-lived and returned to its basal level within 1 to 2 hours after stimulation \[[@B16],[@B26],[@B27]\]. However, little is known about the influence of the descending pain modulation mechanism on a marker of nociceptive sensitization such as ERK. The descending serotonergic pathway through the 5-HT3R was also shown to be involved in the activation of the spinal ERK in formalin-induced inflammation \[[@B14],[@B21]\]. Depletion of the spinal serotonin reduced the activation of the ERK evoked by the formalin. It has also been demonstrated that the ERK is activated in the RVM following peripheral inflammation or injury, and much of the ERK activation has been found in the serotonergic neurons \[[@B28],[@B29]\].

Early activation of the ERK in the spinal cord after intraplantar carrageenan injection was reported, suggesting a possible role of the ERK in initiating secondary hyperalgesia \[[@B16]\]. In this study, the activation of the spinal ERK was initiated and dissipated within 1 hour after the injection of the intraplantar carrageenan. A previous study also found early activation of the spinal ERK 30 and 45 min after the carrageenan injection, which decreased to the level of the naive rat at 90 min, suggesting a role in secondary hyperalgesia around the injection site which develops later than primary hyperalgesia \[[@B16]\]. In the serotonergic pathway-lesioned rats of our study, however, the increase was maintained for up to 1 hour after the carrageenan injection. This finding could be correlated with the enhanced pain following carrageenan inflammation evidenced in a previous report \[[@B4]\], in which the lesioning of the spinal serotonergic pathway using 5,7-DHT enhanced the mechanical allodynia, in particular at the 1 hour mark. Accordingly, a loss of inhibitory descending mechanism via the spinal serotonergic pathway could be responsible for the ERK activation and enhanced pain response after carrageenan inflammation in rats. This finding suggests that the serotonergic modulation has a tonic inhibitory function maintaining the balance between inhibition and facilitation in the inflammatory pain of the carrageenan model.

In conclusion, in support of the lack of antinociceptive effect from a 5-HT7R agonist, the magnitude of the 5-HT7R expression is not significantly changed in the carrageenan model. This study also demonstrates that spinal ERK activation is extended in the case of a lesion in the spinal serotonergic pathway in carrageenan-induced inflammatory pain, suggesting the possibility of a relationship between descending serotonergic modulation and spinal ERK activation.

![The level of 5-HT7 receptor does not change following intraplantar injection of carrageenan. Bands of western blotting are representative of that from ipsilateral dorsal spinal cord. No significant differences are observed between naive and carrageenan (CA)-injected animals. N = 7 rats/group.](kjae-68-170-g001){#F1}

![Representative p-ERK (phospho-extracellular signal-regulated kinase) blots along with t-ERK (total-extracellular signal-regulated kinase) and β-actin loading controls are illustrated. Intraplantar carrageenan induces a significant increase in p-ERK in dorsal spinal cord. Level of p-ERK increases at 30 min and returns to the level of naïve at 60 min after carrageenan injections in control rat. In 5,7-DHT (5,7-dihydroxytryptamine) treated rat, however, increased p-ERK expression is observed at both 30 and 60 min. Densities of t-ERK over β-actin are not different among groups (data not shown). Con and DHT on abscissa respectively represents the control and 5,7-DHT treated animals, and 30 and 60 min indicates the time following carrageenan injection. ^\*^P\< 0.05, ^†^P \< 0.01, significantly different from Naive. N = 7 rats/group.](kjae-68-170-g002){#F2}
